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PUFA diet produced larvae with lower survival rates than all other treatments. Males fed the 23 high n-6 PUFA diet produced no viable sperm. Fatty acid composition in reproductive 24 material revealed comprehensive biosynthetic and dietary sparing capabilities in H. 25 erythrogramma. Despite this, the ratio of n-6 PUFA to n-3 PUFA in reproductive tissue 26 increased significantly with diet. We suggest alterations to this ratio is the likely mechanism 27 of negative impact on larval development. 28 29 KEYWORDS: Aquaculture, ARA, EPA, Effects -biochemical, Fatty acid, Food quality, 30
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3
HIGHLIGHTS 33
• Reproductive effects of increased aquaculture-derived n-6 PUFA in the diet of the sea 34 urchin Heliocidaris erythrogramma were investigated. 35
• Females exposed to the high n-6 PUFA diet produced smaller eggs and larvae with lower 36 survival rates. 37
• Males exposed to the high n-6 PUFA diet produced no viable sperm. 38
• The ratio of n-6 PUFA to n-3 PUFA in reproductive tissue increased significantly with 39 diet. 40
• Alterations to this ratio are a possible mechanism of negative impact on larval 41 development. 42 43 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
INTRODUCTION 44
As aquaculture expands on a global scale, there is growing concern regarding its 45 cumulative effects on the environment. Successful culture of high trophic level fish requires 46 input of high volumes of lipid rich feeds, which traditionally have been sourced from fish oil 47 M A N U S C R I P T
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8 possible, with only the lipid composition changing between the three diets. To make the 142 artificial diets for the urchins, 4% agar mix in water was warmed to 80°C to dissolve the agar, 143 and allowed to cool to ~50°C before ground aquafeed pellets and a concentrated polar extract 144 of the seaweed Sargassum linearifolium was added and mixed thoroughly. The warm mixture 145 was placed in 9 mL plastic moulds, allowed to cool and kept at -18°C until used. The 146 seaweed extract was added to increase palatability (Dworjanyn et al. 2007 ). The ratio of 147 ground pellet to agar was 1:1.5 for all treatments. Urchins were fed twice a week for the 148 duration of the experiment, with all mortalities and significant health issues recorded. 149 2.2 Spawning and larval development. At the end of the feeding trial, 5-8 urchins per tank 150 were spawned to measure the effect of the treatments on fertilization of eggs, larval 151 development, metamorphic success and survival of the resulting progeny. The urchins were 152 induced to spawn by injection of 2-3 mL of 1.0M KCl. Eggs from gravid females were 153 collected in 500 mL beakers with 10 µm filtered and UV treated seawater (FSW), and 154 subsequently checked for shape and integrity. Sperm was collected dry using pipettes and 155 temporarily stored on dry petri dishes until fertilisation of eggs occurred. As no sperm was 156 collected from males from the high n-6 PUFA treatment (Treatment 3), sperm from three 157 males from the high n-3 PUFA treatment (Treatment 1) was collected, pooled and used to 158 fertilize eggs from all treatments. Subsequently, all larval success outcomes are the result of 159 maternal variation due to treatment only. Five lots of 100 eggs from each female were placed 160 in 100 mL rearing containers containing FSW. All containers had a meshed (45 µm) window 161 as an overflow that maintained 50 mL of water and retained eggs and larvae. Prior to 162 fertilisation 1µl of sperm was activated in 1ml of FSW, motility was checked microscopically 163 and the volume of sperm dilution required to achieve a sperm:egg ratio of 1000:1 was 164 determined through haemocytometer counts. To fertilise the eggs a new sperm sample was 165 activated in FSW and the required quantity diluted sperm added to containers holding theM A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 9 eggs. Rearing containers were left for 10 min for fertilisation to occur, then supplied with 167 flow-through FSW which removed excess sperm. Rearing containers were supplied with 168 flow-through FSW at a rate of 0.6-0.8 L.h -1 for 10 days at 23ºC. 169
Each rearing container was scored for fertilisation (2 hours post-fertilisation) and 170 gastrulation success (48 hours post-fertilisation) by counting all successfully fertilised and 171 gastrulated larvae within the rearing pot. At 72 hours post-fertilisation, a fresh frond of the 172 geniculate coralline algae Amphiroa anceps was introduced to the rearing pots to induce 173 larvae to metamorphose and settle. Metamorphosis success (4 days post-fertilisation) and 174 survival to 10 days post-fertilisation were measured for each rearing container, by counting 175 all successfully metamorphosed and surviving individuals remaining in rearing containers. 176
All data was expressed as the percentage of the original number of eggs placed in the rearing 177 containers. The mean of the five rearing containers per female was used for statistical 178 analysis. Photographs of fertilised eggs and larvae post-metamorphosis were taken using an 179
Olympus SZX7 dissecting microscope, Olympus DP26 digital camera and cellSens Entry 180 v1.7 image capture software. The diameter of 30 fertilized eggs was measured from each 181 rearing container using ImageJ (NIH, USA). Rates of abnormal development were also 182 recorded at this time, using the criteria of Byrne et al. (2011) . 183 2.3 Total lipid and fatty acid analysis. Up to three urchins from each tank, depending on 184 survival in treatments, were dissected and the gonads retained for fatty acid analysis. 185
Unfertilised eggs not used in the larval development trial were also collected for total lipid 186 and fatty acid analysis. Eggs and gonads were frozen directly after collection at -80ºC. Prior 187 to lipid extraction, samples were freeze dried (Labconco). Lipids were extracted from gonads was held for 1 minute, followed by temperature programming at 30°C per minute to 140°C, 213 then at 3°C per minute to 310°C where it was held for 12 minutes. Helium was used as the 214 carrier gas. Mass spectrometer operating conditions were: electron impact energy 70 eV;M A N U S C R I P T A C C E P T E D was contrasted among treatments using ANOVA followed by Tukey's post-hoc tests. 220
Homogeneity of variances were checked and an arcsin transformation applied to percentage 221 data prior to analysis. Initially data were analyzed by two-way ANOVA with diet as a fixed 222 factor and tank nested within diet (Table S1 ). As the P-value for tank was non-significant 223 across fertilisation, gastrulation, metamorphosis and survival, the design was collapsed for in 224 accordance with Quinn and Keough (2002) , with further analysis of data on these variables 225 undertaken by one-way ANOVA with diet as a fixed factor (Table S2) . show the relationship between fatty acid profile, sample type and diet treatment. A two-way 233 PERMANOVA was undertaken with Sample Type (feed, gonad and egg) and Treatment 234 (high n-3 PUFA, current aquafeed, high n-6 PUFA) as fixed factors (Table S3 ). Data were 235 initially analyzed by two-way ANOVA with diet as a fixed factor and tank nested within diet, 236 but as the P-value for tank was non-significant, the design was collapsed in accordance with 237 Quinn and Keough (2002) (Table S4 ). Further investigation of diet treatment and on 238 individual fatty acid concentrations and dietary indices was conducted using separate one-239 M A N U S C R I P T
way ANOVA on both egg and gonad samples, with diet treatment as a fixed factor (Table  240 S5). 241
RESULTS 242
3.1 Spawning & larval success. Mortality of adults throughout the 12 week exposure 243 period was uniform across all treatments and did not exceed two individuals from any one 244 tank. Females were successfully induced to spawn from each treatment, five from the high n-245 3 PUFA diet and four from each of the current aquafeed and high n-6 PUFA diets 246 respectively. No males from the high n-6 PUFA treatment produced sperm and as a result, 247 sperm from the high n-3 PUFA males was used to fertilize the eggs from females from all 248 three treatments. Egg size varied significantly with diet (F 2,6 = 0.65E-4, P< 0.009), with eggs 249 from the high n-6 PUFA diet being on average 20 µm smaller than eggs from the high n-3 250 PUFA and current aquafeed diets, which did not differ (Figure 1) . 251
The parental feed treatments resulted in significant differences in the fitness of 252 offspring at all life history stages surveyed: fertilization, gastrulation, metamorphosis and 253 survival to 10 days post-fertilization ( Figure 2 ). Fertilization rates were similar for the high n-254 3 PUFA diet (74.9 ± 4.4%) and the current aquafeed diet (63.3 ± 10.7%), but both had more 255 than double the fertilization success of the high n-6 PUFA diet (26.7 ± 10.5%; ANOVA, F 2,10 256 = 7.82, P < 0.009; Figure 2A ). Similarly, there was no significant difference in successful 257 gastrulation rates between the high n-3 PUFA diet (70.6 ± 6.6%) and the current aquafeed 258 diet (45.1 ± 17.7%), but gastrulation success of the high n-6 PUFA diet was very low (1.7 ± 259 1.7%; F 2,10 = 14.32, P < 0.001; Figure 2B ). 260
The offspring of parents fed the high n-6 PUFA diet also experienced significantly 261 lower rates of metamorphosis (F 2,10 = 9.48, P < 0.005; Figure 2C ) and survival to 10 days 262 post-fertilization (F 2,10 = 11.99, P < 0.002; Figure 2D ) compared to the two other diets. RatesM A N U S C R I P T
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13 of successful metamorphosis were similar for the high n-3 PUFA (12.7 ± 3.3%) and the 264 current aquafeed diets (8.6 ± 4.3%), as were survival rates to 10-days post-fertilization (4.5 ± 265 0.8% and 6.2 ± 2.9%, respectively). In contrast, only 0.16 ± 0.09% of eggs fertilized in the 266 high n-6 PUFA diet treatment resulted in successfully metamorphosed post-larvae, with only 267 0.04 ± 0.02% surviving until 10 days post-fertilization. The highest levels of larval mortality 268 in the high n-3 PUFA and current aquafeed treatments occurred at metamorphosis (Figure 2) . OA from the feed into reproductive tissue (Table 2) , with the proportion of these fatty acids 280 in the fertilized eggs and gonads more than an order of magnitude lower than consumed in 281 the feed. However, there was evidence for elongation of both these compounds. Arachidonic 282 acid (ARA, 20:4n-6) was almost entirely absent from diet treatments, but was found in 283 relatively high proportions in both eggs and gonads, increasing with the levels of LA present 284 in diet. ARA in the reproductive tissues of H. erythrogramma was likely to be derived from 285 elongation of LA. Similarly, 20:1n-9c and 22:1n-9c were also relatively minor components of 286 the feed (< 1%), but were major components in eggs and gonads (12.1 -15.8% for 20:1n-9c, 287 3.5 -5.1% for 22:1n-9c), suggesting elongation was also occurring from OA (Table 2) . DHA 288 M A N U S C R I P T
14 was almost completely absent from fertilized eggs and gonads, regardless of inputs through 289 diet and EPA remained at relatively consistent levels, (2.3 -2.8 % for eggs, 3.7 -4.7% for 290 gonads) regardless of diet treatment (Table 2) . Major fatty acid components in the eggs of H. 291 erythrogramma were 14:0 (22.0 -24.1%), a 22:2 non-methyl interrupted dienoic fatty acid 292 (22:2A NMI) (17.7 -18.4%) and 20:1n-9c (12.1 -15.8%). In contrast, gonads were much 293 lower in 22:2A NMI and 14:0, but contained higher proportions of ARA and 16:0 (Table 2) . 294
The difference in overall fatty acid composition between fertilized eggs and gonads indicate 295 partitioning of certain fatty acids into eggs. 296
Whilst overall fatty acid composition did not vary significantly with treatment in 297 fertilized eggs and gonads, we observed significant trends with treatment in key fatty acids 298 groups. Overall the n-6 PUFA: n-3 PUFA ratio, based on absolute concentration data, varied 299 significantly in both fertilized eggs (F 2,10 = 5.24, P < 0.028) and gonads (F 2,14 = 7.23, P < 300 0.007) (Figure 4 ). In eggs, the ratio of n-6 PUFA:n-3 PUFA was just over 1.1 in the high n-3 301 PUFA diet, increasing to just under 1.4 in the high n-6 PUFA diet (Figure 4 ). The increase in 302 this ratio was more pronounced in gonads, increasing from 1.6 in the high n-3 PUFA diet to 303 2.8 in the high n-6 PUFA diet (Figure 4) . The ratios in the gonads and fertilized eggs from the 304 high n-6 PUFA treatment were substantially lower than observed in the high n-6 PUFA feed 305 (14.7, Table 1 ). The comparatively lower ratio observed in fertilized eggs provides further 306 evidence for preferential sparing and thereby enrichment of certain fatty acids from gonads 307 into eggs. There was also a significant increase in the ratio of ARA to EPA in both fertilized 308 eggs (F 2,10 = 4.28, P < 0.045) and gonads (F 2,14 = 9.51, P < 0.002) with respect to the diet 309 ( Figure 5 ). The ARA:EPA ratio increased by approximately one quarter with increased 310 dietary n-6 PUFA in fertilized eggs, and more than doubled with increased dietary n-6 PUFA 311 in gonads ( Figure 5 ). As concentrations and relative proportions of EPA were comparatively 312 M A N U S C R I P T
stable in tissues across all treatments, these trends were largely driven by increasing levels of 313 ARA with diet treatment (Table 2) . 314
We have demonstrated that a parental diet high in n-6 PUFA reduces the survival of 316
Heliocidaris erythrogramma larvae. Females fed a high n-6 PUFA diet produce larvae that 317 have significantly lower fitness at each key life history stage and males fed a high n-6 PUFA 318 diet did not produce any viable sperm, compared to other dietary treatments. Our laboratory 319 study is based on theoretical scenarios for marine, current and future fatty acid ratios in 320 aquafeeds for a marine invertebrate found near aquaculture facilities. Whilst we could detect 321 no negative effects of the fatty acid composition of current aquafeeds, the trend within 322 industry is for the continuing increase in the ratio of n-6 PUFA (Glencross, Female H. erythrogramma fed a diet high in n-6 PUFA (15:1, n-6 PUFA:n-3 PUFA) 328 produced larvae that had significantly lower fertilization, gastrulation, metamorphosis and 329 survival rates than those fed a diet high in n-3 PUFA, or a diet with a ratio of 1. erythrogramma in the high n-6 PUFA treatment to produce any viable sperm could therefore 368 be directly linked to low dietary n-3 LC-PUFA levels. 369
As we used sperm from viable males from the high n-3 PUFA treatment to fertilize 370 females across all treatment groups, the differences detected among diet treatments in larval 371 development are solely related to maternal transfer. Given H. erythrogramma is 372 lecithotrophic and produces non-feeding larvae, juveniles rely heavily on maternal transfer 373 for essential fatty acid components required for successful development. occurs between a 1.5:1 and 15:1 ratio for n-6 PUFA:n-3 PUFA in maternal diet. As we used 390 the sperm from the high n-3 diet across all treatments, we are unable to discuss how dietary 391 ratios of PUFA may paternally effect reproductive outcomes. Males fed a high n-6 diets were 392 unable to produce sperm, whilst males fed a high n-3 diet produced viable sperm. However, 393 further work needs to be done to assess when paternal dietary effects begin to impact 394 significantly on sperm production in relation to n-6 PUFA consumption. explanation for trends observed in larval success. As gonads from the high n-6 PUFA 467 treatment had an elevated ARA:EPA ratio compared to eggs, maternal provisioning is clearly 468 important in maintaining an optimal ratio of these compounds in eggs. Given the high n-6 469 PUFA treatment had significantly lower fertilization rates than other treatments, we surmise 470 even small alterations to the ARA:EPA ratio in eggs may have ramifications for successful 471 larval development. However, H. erythrogramma clearly has a comprehensive ability to 472 biosynthesize de novo a range of fatty acids required for successful reproduction. In 473 conjunction with the additional buffering provided by lecithotrophy, and the selective 474 partitioning of maternal resources, we conclude a very high dietary n-6 PUFA:n-3 PUFA 475 ratio may be required before eggs will be sufficiently enriched in n-6 PUFA to impact larval 476 survival. However, when maternal effects are combined with the failure of males fed high n-6 477 PUFA diets to produce sperm, long-term exposure to these diets (15:1 n-6 PUFA: n-3 PUFA) 478 could have significant effects at a population level. A better understanding of both maternal 479 and paternal dietary tipping points are particularly relevant as n-6 PUFA: n-3 PUFA ratios 480 increase in modern commercial aquafeeds. erythrogramma fed one of three diet treatments: a high n-3 PUFA (polyunsaturated fatty 484 acid) and low n-6 PUFA treatment mimicking the PUFA ratio naturally found in marine 485 environments (n = 5); an n-6 PUFA:n-3 PUFA ratio of 1.5:1, similar to current commercial 486 aquafeeds (n = 4); and a high n-6 PUFA and negligible n-3 PUFA treatment which is the 487 predicted formulation for future aquafeeds (n = 4) ( Table 1) . Data are means ± SE. 488 (Table S1) . 496 
